We and others have suggested that insulin predominantly acts indirectly to inhibit hepatic glucose production (HGP) via suppression of gluconeogenic precursors, FFAs, and glucagon. To test that hypothesis, we performed high-dose hyperinsulinemic-euglycemic clamps using [3-3 H]-glucose in liver-specific insulin receptor knockout (LIRKO) mice, LIRKO mice treated with streptozotocin (LIRKO+STZ), and controls. In LIRKO mice, fasted glucose was normal, but insulin levels were elevated tenfold. STZ treatment reduced insulinemia by 60% with resulting hyperglycemia. Interestingly, basal HGP was similar in all three groups. During the clamp, HGP was suppressed by 82 ± 17% in controls, but was not suppressed in either LIRKO or LIRKO+STZ mice. Glucose infusion and utilization were impaired (~50%) in LIRKO and LIRKO+STZ mice versus controls. Insulin suppressed FFAs similarly in all groups (~46%). Glucagon was not significantly suppressed during the clamp. Thus, in LIRKO mice, (a) high-dose insulin fails to suppress HGP indicating that both direct and indirect effects of insulin require an intact insulin-signaling pathway in the liver; (b) primary hepatic insulin resistance leads to hyperinsulinemia and secondary extrahepatic insulin resistance; and (c) lowering insulin levels with STZ tended to improve extrahepatic insulin sensitivity but failed to reveal the previously postulated indirect role of insulin in suppressing HGP.
Introduction
The failure of insulin to inhibit hepatic glucose production (HGP) is a cardinal feature of insulin resistance in the liver and a major factor contributing to hyperglycemia in diabetic states. Classically, the HGP-suppressing effect of insulin is thought to occur via signaling through the hepatic insulin receptor to inhibit glycogenolysis and gluconeogenesis. This classical paradigm has been challenged by in vivo studies suggesting that much of insulin's action on the liver may be indirect, and related to systemic, rather than hepatic, insulin effects (1) (2) (3) (4) (5) (6) . Thus, extrahepatic actions of insulin on muscle and adipose tissue to inhibit release of gluconeogenic substrates (e.g., lactate, alanine, and glycerol) and gluconeogenic energy substrates (e.g., FFAs) result in a subsequent inhibition of HGP (7) (8) (9) (10) . These mechanisms may be particularly important in the diabetic state, in which gluconeogenesis is considerably increased (11) (12) (13) (14) , and in which hyperglycemia per se has been shown to potentiate the indirect actions of insulin (15) . Furthermore, since up to 75% of basal HGP is driven by glucagon (16) , insulin-induced suppression of glucagon release may be another indirect mechanism by which insulin suppresses HGP (2, 3, 17, 18) .
We have recently developed a unique model to investigate direct versus indirect insulin actions. Liver-specific insulin receptor knockout (LIRKO) mice have an approximately 95% reduction in insulin receptor content in the liver, and only in the liver (19) . Since the Alb-Cre transgene is only expressed in hepatocytes, and since hepatocytes make up only about 85% of the total number of cells in the liver, it is likely that the knockout of insulin receptor in LIRKO hepatocytes is essentially complete. LIRKO mice have an absence of insulin-stimulated receptor tyrosine phosphorylation and insulin signaling in the hepatocyte (19) . Since the livers of LIRKO mice cannot respond directly to insulin, any effect of insulin administered in vivo must be mediated by indirect actions of insulin on extrahepatic tissues.
In this study, in an attempt to clarify indirect effects of insulin on the suppression of HGP, we assessed the regulation of HGP in both control and LIRKO mice by performing high-dose hyperinsulinemic-euglycemic clamps to maximally stimulate insulin-sensitive peripheral tissues. We speculated that the marked chronic hyperinsulinemia in the LIRKO mice might have led to secondary insulin resistance in muscle and fat (20) (21) (22) and perhaps limited insulin action on these extrahepatic tissues. We therefore treated a second group of LIRKO mice with streptozotocin (LIRKO+STZ mice) to reduce hyperinsulinemia in an We and others have suggested that insulin predominantly acts indirectly to inhibit hepatic glucose production (HGP) via suppression of gluconeogenic precursors, FFAs, and glucagon. To test that hypothesis, we performed high-dose hyperinsulinemic-euglycemic clamps using [3-3 H]-glucose in liver-specific insulin receptor knockout (LIRKO) mice, LIRKO mice treated with streptozotocin (LIRKO+STZ), and controls. In LIRKO mice, fasted glucose was normal, but insulin levels were elevated tenfold. STZ treatment reduced insulinemia by 60% with resulting hyperglycemia. Interestingly, basal HGP was similar in all three groups. During the clamp, HGP was suppressed by 82 ± 17% in controls, but was not suppressed in either LIRKO or LIRKO+STZ mice. Glucose infusion and utilization were impaired (∼50%) in LIRKO and LIRKO+STZ mice versus controls. Insulin suppressed FFAs similarly in all groups (∼46%). Glucagon was not significantly suppressed during the clamp. Thus, in LIRKO mice, (a) high-dose insulin fails to suppress HGP indicating that both direct and indirect effects of insulin require an intact insulin-signaling pathway in the liver; (b) primary hepatic insulin resistance leads to hyperinsulinemia and secondary extrahepatic insulin resistance; and (c) lowering insulin levels with STZ tended to improve extrahepatic insulin sensitivity but failed to reveal the previously postulated indirect role of insulin in suppressing HGP.
attempt to improve peripheral insulin sensitivity. Our goal was to maximize the potential to observe indirect actions of insulin to limiting gluconeogenic precursor supply and thus suppress HGP.
Methods
Animals. IR Lox-Lox mice homozygous for the floxed insulin receptor allele were bred with transgenic mice that express the Cre recombinase cDNA from the rat albumin promoter to generate IR Lox-Lox :alb-Cre +/-LIRKO mice (19, 23, 24) . Genotypes were determined by PCR of tail DNA (23) . A group of 9-week-old LIRKO mice were rendered diabetic with an intraperitoneal injection of streptozotocin (STZ; 125 µg/kg daily for three days) and were given no insulin treatment during a 3-week recovery period prior to experimentation. These diabetic LIRKO+STZ mice had a marked reduction in endogenous insulin levels. Euglycemic-hyperinsulinemic glucose clamps. Twelve-weekold mice were given an intraperitoneal injection of an anesthetic cocktail containing tert-amyl alcohol (SigmaAldrich, St. Louis, Missouri, USA) and tribromoethanol (Sigma-Aldrich). After loss of pedal and corneal reflexes was assured, a catheter (Micro-Renathane, MRE 025; Braintree Scientific Inc., Braintree, Massachusetts, USA) was inserted into the right internal jugular and advanced to the level of the superior vena cava. The catheter was filled with saline, tunneled, and left in a subcutaneous pocket at the back of the neck. A 3-0 silk suture was attached to the free end of the catheter and exteriorized in such a fashion as to allow retrieval of the catheter on the day of experimentation. Mice were given 1 ml of subcutaneous saline and allowed to recover on a heating pad.
After 4-6 days of recovery, only mice that had lost less than 10% of their preoperative weight were studied. Each animal was fasted for 5 hours on the morning of the experiment and then placed in a restrainer to which it was accustomed. HPLC-purified [3-3 H]-glucose tracer (NEN Life Science Products Inc., Boston, Massachusetts, USA) was infused intravenously (10 µCi bolus, 0.1 µCi/min). After an 80-minute basal period, a blood sample was collected from the tail tip for determination of basal glucosespecific activity and plasma concentration of glucose, insulin, glucagon, and FFAs. To minimize blood loss, rbc's were collected by centrifugation, resuspended in saline, and reinfused. At time 0, regular human insulin was infused (Novolin R; Novo Nordisk Pharmaceutical Industries Inc., Clayton, North Carolina, USA; 200 mU/kg bolus, 20 mU/kg/min). The insulin infusion solution was prepared by dilution of insulin with saline containing 0.1% BSA (Sigma-Aldrich). Blood samples (2.2 µl) were subsequently drawn at 10-minute intervals for the determination of blood glucose (Glucometer Elite; Bayer Corp., Elkhart, Indiana, USA). An infusion of 50% dextrose (Abbott Laboratories, Chicago, Illinois, USA) was adjusted to maintain plasma glucose between 100 and 125 mg/dl. Steady state was ascertained when a fixed glucose infusion rate maintained blood glucose measurements constant for 30 minutes. This steady state was achieved within 90-120 minutes, at which time a blood sample was collected for determination of glucose radioactivity and plasma concentration of glucose, insulin, glucagon, and FFAs.
Assays. Insulin concentrations were determined by ELISA using mouse-insulin antibody (Crystal Chem Inc., Chicago, Illinois, USA). Glucagon was determined by RIA (Linco Research Inc., St. Charles, Missouri, USA). Plasma nonesterified fatty acids (FFAs) were measured by an enzymatic colorimetric method (Wako Chemicals USA Inc., Richmond, Virginia, USA). Plasma glucose was assayed by the glucose oxidase method (Glucose Analyzer; Beckman Instruments Inc., Palo Alto, California, USA). Plasma [3-3 H]-glucose radioactivity was measured after deproteinization with barium hydroxide and zinc sulphate, evaporation to removed tritiated water, and counting in a liquid scintillation counter (Beckman Instruments Inc.).
Calculations. Glucose turnover rate (mg/kg/min) was calculated during the basal period and during the steady-state portion of the clamp as the rate of tracer infusion (disintegrations per minute/min) divided by the plasma glucose-specific activity (disintegrations per minute/mg) corrected to the body weight. During the clamp, HGP was calculated as the difference between the tracer-derived rate of glucose appearance and the infusion rate of glucose. Glucose turnover was equal to glucose utilization under all conditions except in the LIRKO-STZ mice during the hyperglycemic basal period, when glycosuria likely contributed to total glucose turnover. All results are presented as the mean ± SEM. Statistical significance -P < 0.05 unless otherwise noted -was determined by Student's t test.
Results
Basal metabolic parameters. Fasting blood glucose was higher in the Lox-Lox control group than in LIRKO mice (112 ± 6 vs. 88 ± 6 mg/dl) (Table 1; Figure 1a ). Basal insulin levels were elevated almost tenfold in LIRKO mice (4,907 ± 1,212 pg/ml) as compared with Lox-Lox control mice (497 ± 116 pg/ml) (Table 1; Figure 2a ). STZ treatment significantly lowered basal insulin levels by 60% in LIRKO+STZ mice (1,916 ± 694 pg/ml), although these levels were still elevated as compared with those in Lox-Lox control mice (P < 0.05) (Table 1; Figure 2a ). With the reduction of hyperinsulinemia, LIRKO+STZ mice had threefold higher glucose levels (335 ± 40 mg/dl, P < 0.01) (Table 1; Figure 1a) , which indicates the important role of increased insulin action on tissues such as muscle and fat to compensate for hepatic insulin resistance and allow near normal blood glucose in the LIRKO mouse. Basal FFA levels were similar in the Lox-Lox Figure 2b ). Basal glucagon levels were similar in the Lox-Lox and LIRKO groups (60 ± 12 and 47 ± 9 pg/ml, respectively, P = NS) but were elevated in the LIRKO+STZ group (122 ± 31 pg/ml, P < 0.05) ( Figure  2c ). Somewhat surprisingly, basal HGP as assessed with [3-3 H]-glucose tracer was similar in all three groups (Lox-Lox 22.0 ± 2.8, LIRKO 18.9 ± 1.8, and LIRKO+STZ 22.9 ± 6.3 mg/kg/min) (Figure 3a) .
Hyperinsulinemic-euglycemic clamp. By experimental design, the high dose of insulin infusion during the clamp markedly raised insulin levels, and to a similar extent in all groups (Lox-Lox 17,632 ± 2,975, LIRKO 21,067 ± 5,276, and LIRKO+STZ 24,435 ± 6087 pg/ml, P = NS) (Figure 2a ). Blood glucose was effectively clamped at euglycemic levels and was not significantly different between the groups (Lox-Lox 109 ± 10, LIRKO 115 ± 12, and LIRKO+STZ 102 ± 6 mg/dl, P = NS) (Figure 1a) . During the clamp, insulin suppressed FFA levels to a similar extent in all groups (Lox-Lox 0.500 ± 0.077, LIKRO 0.537 ± 0.075, and LIRKO+STZ 0.704 ± 0.124 mEq/l) (Figure 2b ). Glucagon levels were not suppressed during the clamp in any group (Figure 2c) .
In response to insulin, HGP was suppressed in the Lox-Lox group by 82% ± 17% to 4.4 ± 4.4 mg/kg/min (Figure 3a) . By contrast, HGP did not change significantly in response to insulin during the clamp in LIRKO (22.3 ± 2.5 mg/kg/min) and LIRKO+STZ mice (17.7 ± 8.0 mg/kg/min, P = NS for LIRKO vs. LIRKO+STZ). The failure to suppress HGP in LIRKO and LIRKO+STZ mice indicates profound hepatic insulin resistance.
During the clamp, insulin-stimulated glucose utilization was significantly impaired in LIRKO mice (57.4 ± 8.6 mg/kg/min) as compared with Lox-Lox controls (111.0 ± 6.9 mg/kg/min) (Figure 3b ). Tracer-independent glucose infusion rates were similarly impaired in LIRKO mice as compared with Lox-Lox controls (35.1 ± 7.4 vs. 106.6 ± 3.3 mg/kg/min), indicating profound insulin resistance (Figure 1b) . Lowering chronic hyperinsulinemia with STZ treatment (LIRKO+STZ) improved clamp values for glucose utilization (71.9 ± 10.9 mg/kg/min) and glucose infusion (54.2 ± 5.7 mg/kg/min, P = 0.07 vs. LIRKO), but these values failed to reach a statistically significant difference compared with those in the LIRKO group.
Discussion
In the absence of direct insulin signaling in the hepatocyte, LIRKO mice provide a unique model to determine the direct versus indirect effects of insulin on the suppression of HGP. The primary finding in this study is that high-dose insulin, chosen to maximize extrahepatic insulin action, failed to suppress glucose production; this suggests the absence of an indirect HGP-suppressing effect of insulin in this model. We also present evidence that the chronic hyperinsulinemia of the LIRKO mouse may induce secondary peripheral insulin resistance that can be reversed, in part, by lowering insulin levels with STZ. However, even when the chronic high insulin levels are lowered with STZ to improve peripheral insulin resistance and maximize the potential to observe indirect action on the liver, insulin again fails to acutely suppress HGP in STZ-treated LIRKO mice. These results indicate the critical importance of an intact insulin-signaling system in the liver that is necessary to reveal both direct and indirect actions of insulin in the suppression of HGP.
In the absence of hepatic insulin effects, LIRKO livers were previously noted to have decreased glycogen stores, increased expression of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase, and decreased expression of glucokinase, all of which should favor increased rates of gluconeogenesis (19) . It could be argued, since LIRKO livers are half the size of controls, that if HGP is normalized to liver mass, then 
Figure 1
Blood glucose levels (a) and glucose infusion rates (b) during the euglycemic-hyperinsulinemic clamp. After basal sampling at time 0, insulin was infused (20 mU/kg/min) for the duration of the 2-hour clamps. Blood glucose (from tail-vein samples) was clamped at euglycemic levels (∼125 mg/dl) with intravenous infusion of dextrose (50%). Treatment groups were Lox-Lox control, n = 6 (circles); LIRKO, n = 7 (triangles); and LIRKO+STZ, n = 6 (squares).
the LIRKO groups in this study have approximately twofold elevated rates of HGP, suggesting markedly increased gluconeogenesis per unit liver mass. Increased reliance on gluconeogenesis in LIRKO mice would be expected to potentiate indirect insulin action, but this was not observed during the clamp. Paradoxically, basal rates of HGP were similar in all three experimental groups despite marked differences in basal levels of hormones and metabolic substrates. One could hypothesize that the marked hyperinsulinemia of the LIRKO mouse plays a role in limiting excessive HGP in the basal state, but our study, noting the absence of an insulin effect on HGP, would argue against that hypothesis. Additionally, the fact that the reduction of chronic hyperinsulinemia with STZ treatment did not increase basal HGP supports our finding, during the clamp, of a lack of evidence for an indirect role of insulin in the suppression of glucose production. Since most of the glucose disposal during a hyperinsulinemic clamp represents uptake into skeletal muscle, the markedly impaired glucose utilization in LIRKO mice, as compared with control mice, reflects profound skeletal-muscle insulin resistance. Interestingly, this extrahepatic insulin resistance may be specific for muscle, based on the following observations. Normal basal FFA levels in LIRKO mice suggest normal whole-body rates of lipid turnover, and the similar suppression of FFA levels in response to insulin suggests normal insulin sensitivity with respect to antilipolytic actions on adipocytes in LIRKO mice. Therefore, in addition to primary tissue-specific (hepatic) insulin resistance in LIRKO mice, the secondary insulin resistance caused in part by hyperinsulinemia may also be tissue-selective, with a much greater effect in muscle than in fat.
The extrahepatic, i.e., secondary, insulin resistance in the LIRKO mouse may be mediated by chronic hyperinsulinemia. STZ treatment of LIRKO mice reduced hyperinsulinemia and tended to improve glucose utilization (e.g., extrahepatic insulin sensitivity), although this improvement failed to reach statistical significance. We speculate that chronic hyperglycemia, hyperlipidemia, and residual hyperinsulinemia in the LIRKO+STZ group may have masked the trend toward improvement of extrahepatic insulin sensitivity. Interestingly, the known toxic metabolic effects of high glucose and FFA levels failed to worsen insulin sensitivity
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The in the LIRKO+STZ mice. These results suggest that in this model, chronic hyperinsulinemia is a more important contributor to peripheral insulin resistance than are chronic hyperglycemia and hyperlipidemia. Endogenous glucose production in this study was determined by dilution of [3-3 H]-glucose in the basal and clamp conditions. Under normal circumstances in humans, most endogenous glucose production is derived from the liver, with renal glucose release contributing only 5-20% (25, 26) . The liver and kidneys both suppress glucose release in response to insulin. Although individual tissue glucose production, e.g., contribution of liver versus kidney, has not been determined in mouse models, in our study we would have expected to observe a significant insulin-induced suppression of glucose release in the LIRKO and LIRKO+STZ mice if endogenous glucose production included a large contribution by kidney or other extrahepatic sources. The absence of a suppression of glucose production in this study suggests that the extrahepatic contribution to calculated endogenous glucose production was minimal.
The role of glucagon in mediating the indirect effects of insulin on HGP is controversial. Suppression of glucagon has been implicated as an important indirect mediator of the insulin-induced suppression of HGP (2, 17, 18) , although the indirect effect of insulin via suppression of substrates may still exist under conditions of maintained glucagon levels (1, 3, 4) . Since elevated glucagon levels may potentiate the direct effect of insulin on the liver, we previously hypothesized that the main direct effect of insulin on the liver is to counteract the effect of glucagon (3, 17, 18 ). In the current study, it is possible that the failure of insulin to suppress glucagon secretion in the LIRKO group is related to α cell insulin resistance. The increase in basal glucagon levels upon removal of chronic hyperinsulinemia with STZ treatment supports this hypothesis. However, under the conditions of our study, acute insulin administration failed to suppress glucagon in any group.
High glucagon levels did not result in an increase in basal HGP in the LIRKO+STZ mice, although, arguably, such an increase may have been masked by concurrent hyperglycemia, which is known to limit HGP. Our data indicate two distinct lines of evidence suggesting a minimal involvement of glucagon as a regulator of HGP. First, the failure of hyperglucagonemia to increase basal HGP in the LIRKO+STZ mice, and second, the observation that insulin suppressed HGP in the control group without changing glucagon levels, argue against a significant role for glucagon. Clearly the regulation of glucagon secretion and the effect of glucagon on HGP in the rodent may be complex and will require further characterization.
Elevated FFA levels contribute to insulin resistance in the liver and to increased rates of gluconeogenesis in studies of people with and without diabetes (27) (28) (29) (30) (31) (32) . Classically, hepatic FFA oxidation promotes gluconeogenesis via production of ATP, NADH, and acetyl-CoA (to activate pyruvate carboxylase) (33) . Suppression of hepatic FFA flux, and presumably hepatic FFA oxidation, has consistently been shown to be the dominant mechanism by which actions of insulin in the peripheral circulation can indirectly suppress HGP (7) (8) (9) (10) . As an alternative mechanism of action, FFAs can contribute to insulin resistance via modulation of insulin signaling. FFA infusion causes a reduction in insulin-stimulated insulin receptor substrate-1-associated (IRS-1-associated) PI3K activity (34, 35) . Similarly, increased hepatic intracellular fatty acid-derived metabolites result in defects in insulin activation of IRS-2-associated PI3K activity and an impaired ability of insulin to suppress endogenous glucose production in transgenic mice (36) and in rats fed high-fat diets (37) . Our findings that insulin suppressed FFAs but failed to suppress glucose production in LIRKO mice demonstrate an absence of an indirect effect of reduced FFA flux in mediating hepatic glucose turnover. If FFA-substrate flux to the liver is indeed a dominant extrahepatic regulator of HGP, our results suggest that this metabolic cross-talk requires the presence of an intact insulinsignaling network. Our findings support a unifying hypothesis that FFA-mediated insulin-induced suppression of HGP occurs via direct modulation of insulin signaling in the liver.
It might be argued that the chronic lack of hepatic insulin action in the LIRKO mouse may lead to a loss of the normal ability of the hepatic glucose production to be regulated by substrate supply. However, in previous work in depancreatized dogs, one of us (S.J. Fisher) has shown that the inhibition of FFA oxidation suppressed HGP by 25% (38) . These findings demonstrate that the integrity of a substrate-mediated suppression of HGP exists in the setting of complete insulin deficiency but an intact insulin-signaling network. These observations are consistent with our current findings, which suggest that the substrate-mediated indirect suppression of HGP may be mediated by interaction with the insulin-signaling network in the liver.
We conclude that in LIRKO mice, (a) insulin, even at high concentrations, fails to suppress glucose production, indicating that both the direct and the indirect effects of insulin require an intact insulin-signaling pathway in the liver; (b) the marked hyperinsulinemia associated with primary hepatic insulin resistance leads to secondary extrahepatic insulin resistance; and (c) lowering insulin levels with STZ produces hyperglycemia and hyperlipidemia, but the improvement in extrahepatic insulin sensitivity fails to reveal the previously postulated indirect role of insulin in the suppression of glucose production.
